It is common to modify valuable, sophisticated equipment, originally acquired for other purposes, to adapt it for the needs of educational experiments, with great didactic effectiveness. The present project concerns a setup developed from components of a portable system for energy dispersive x-ray fluorescence spectroscopy (EDXRF). Two educational modules have been developed on the basis of this setup. Module 1 comprises a series of x-ray laboratory exercises investigating basic principles, such as the verification of Moseley's law, Compton's law and the Lambert-Beer law. Module 2 concerns the calibration of the XRF with reference materials, aiming to get quantitative measurements of the elemental composition of objects of cultural interest. The application of the calibrated experimental setup is demonstrated with indicative measurements of metal objects and pigments of wall paintings, in order to discuss their spectra, and their qualitative and quantitative analyses. The setup and the applied experiments are designed as an educational package of laboratory exercises on the one hand for students in natural sciences, and on the other for the education of students who will work in the field of cultural heritage, such as conservation science or archaeological science.
Introduction
X-ray fluorescence analysis (XRF) is one of the most common methods for the determination of the elemental composition of materials. There are basically two different kinds of techniques, wavelength dispersive XRF (WDXRF) and energy dispersive XRF (EDXRF). Due to the better spectral resolution, WDXRF provides advantages particularly in terms of the number of elements in the sample matrix to be analysed and their detection limits. EDXRF, however, in general allows for faster measurement. In cultural heritage, for example, EDXRF has clearly gained importance in the last 15 years as an easy and fast tool for non-destructive determination of the chemical composition of artifacts. This development is based essentially on two technical advancements of the method. First, due to the development of Peltier cooled PIN detectors with sufficient efficiency and energy resolution to replace the nitrogen-cooled Si detectors, it became possible to assemble small portable systems [1] . Second, developments in x-ray optics increased the spatial resolution [2] . However, even without additional x-ray optics a recent portable XRF can be used to determine the major element composition of an artifact with sufficient precision and accuracy using a spot size in the range of a few mm 2 . In this way, within several minutes, for example, specific pigments in a painting can be examined or particular areas on the surface of a metal object to investigate possible corrosion processes [3] .
Even though the analytical method and its applications are common, the physical and spectrometric basics behind those are still complex, and imparting this knowledge will contribute to basic understanding of atomic physics. Therefore, the components of a portable EDXRF setup were assembled for a series of educational experiments, in order to teach some of the basic principles of the interactions of x-rays and matter, such as the characteristics of fluorescence lines, attenuation and the Compton effect. This first part of the experiments constitutes an educational module suitable for students in natural science. Based on the first module, a second module was designed which focused more on the application of the technique with regard to cultural heritage. In general, as far as archaeological science or conservation science are concerned, there are numerous applications of analytical systems and in particular portable XRF systems, in terms of materials to be analysed and questions to be answered. Study of materials in the field of cultural heritage therefore requires a basic knowledge of the characteristics of particular analytical techniques. Educational experiments enhance the comprehension of the potential and of the limitations, of a technique like XRF. Both modules can be implemented either in conjunction or independently.
In the present case, the educational objectives are the origin of an XRF spectrum, the relation between spectral energy and a particular element and the differences between qualitative and quantitative analysis. The students are supposed to learn how an XRF spectrum is generated and in which way it can be interpreted, in terms of qualitative and quantitative peak evaluation. Basic understanding of terms such as detection limit, precision and accuracy will be achieved. An essential educational objective is the assessment of the potentials of the techniques applied to different materials. This concerns energy-dependent absorption of x-rays in air, as well as matrix effects. Therefore, a set of sample objects, representing different materials, are measured by the students. This set comprises metal objects composed of different alloys, a group of ceramic and soil samples, glass samples and a series of pigments. In this paper, the analysis of metal objects and pigments in wall paintings is demonstrated.
Analytical nomenclature
For the terms accuracy, precision and detection limit in the context of quantitative analysis, the nomenclature suggested by the International Union of Pure and Applied Chemistry (IUPAC) is followed [4] . While accuracy is the closeness of the analytical results to the true values, which can be tested for example with standard reference materials, precision is the closeness of independent analyses, expressed in most cases as estimation of the statistical experimental error. The detection limit is the minimum detectable quantity, i.e. the quantity which corresponds to the minimum statistically significant signal. The detection limit depends on the signal-to-noise ratio, which can be controlled for example by the measurement period, the detector geometry or the intensity of the x-ray source.
Experimental approach
The detector used is an Amptek XR-100CR, semiconductor diode (Si-PIN), optimized to detect x-ray photons directly in the energy range of 1 to 30 keV. The basic principle of a semiconductor x-ray detector is that each photon produces a number of free electrons and holes, proportional to its energy, which are collected by electrodes in an external electric field. Incomplete collection of electron-hole pairs and interferences due to the limited time resolution can affect the signals and are source of electronic noise. The pre-amplified signals are processed with an end-amplifier and a multichannel analyzer (MCA of Phywe or 8000A of Amptek), sorting them in 4 k addresses (channels), according to their energy. The multichannel analyzer is connected to a computer on which the data are presented in the form of spectra and graphs. The spectral lines are assigned to the specific elements by using the software ADMCA and the quantitative analysis software XRF-FP, both of Amptek, while the data acquisition uses the software Measure of Phywe and Origin of OriginLab Co. The x-ray beam is generated with a mini mobile x-ray source with Ag-anode (Amptek Laser-X) providing a low current (10 μA) with a maximum energy of 35 keV. The system is provided with two mini diode lasers, mounted under the constructive board, in order to define the exact excitation point of the sample. In this way, the distance of the sample to the x-ray source and the detector could be kept constant. The experimental setup is an in-house construction, designed for the presented XRF measurements of different objects and standard reference materials (figure 1), mainly for educational purposes.
For the basic x-ray experiments it was reassembled, like for the verification of the Compton effect (figure 2). For the calibration procedure and the verification of Moseley's law, a series of metal reference standards and a multi-element standard in form of a pellet are used. For the verification of the validity of the Lambert-Beer law a simple aluminum foil is used as an absorber material, appropriately folded, in order to achieve different values of surface densities. The thickness of each aluminum foil was approximately 12 μm.
Module 1: Experiments for the demonstration of the basic principles of XRF

Calibration
The first step in the series of x-ray experiments was the energy calibration of the spectrometer with a commercial standard (BAM 376). For this reason, a sample in form of a metal disc was used, comprising components of Mn, Fe, Ni and Cu. Figure 3 shows the acquired XRF spectrum with the identified K α -lines of the respective elements. A linear fit was applied based on the reference values for the energies of the K α emission lines and the channel numbers of the respective peak maxima in the spectrum. The resulting calibration line is shown in figure 4 , indicating a sufficiently linear relation between channel number and reference energy in the examined range of the spectrum. In the case of the example presented, one channel corresponds to approximately 14 eV. 
Moseley's law
The correlation of emission energy and atomic number was investigated in the second step.
The energy E mn of each transition from atomic level m to atomic level n is proportional to the square of their atomic number. The relation between emission energy and atomic number is described by Moseley's law:
with R H being the Rydberg constant and σ being the shield constant of the atom. In the case of the K α emission line with m = 2 and n = 1, the energy is
or
with
Moseley's law is an empirical solution for the characteristic x-rays. It indicates that as one goes from the lighter elements to the heavier elements, the energy of the characteristic x-rays emitted from a sample increases in a regular manner and is approximately proportional to
, from which the atomic number Z of a sample can be identified [5, 6] . The validity of Moseley's law, within the range (22 > Z > 35) for atomic number, is shown in the plot of figure 5 and after appropriate fitting to the measured data, the linear relationship obtained is in accordance with equation (3) . The Rydberg constant as well as the shield constant of the atom can also be determined. Table 1 shows sufficient agreement between the experimental and the theoretical values. 
Lambert-Beer law
The intensity of x-rays after being transmitted through a material is attenuated. This is a result of interactions with the material depending on its thickness, which is commonly expressed with the surface density α and the absorption coefficient μ (E), which is a material constant [7] . This correlation is described in the Lambert-Beer law:
where N 0 is the original number of counts and N the number of counts after passing the material. The absorption coefficient is energy dependant. For the experiment, the fluorescence radiation of the multi-element standard was attenuated with aluminum foils of various surface densities, and the relative intensity of four specific K α emission lines was determined (figure 6). The standard was a multi-element standard, which has Fe, Ni, Zn and Br as elements. Those elements have characteristic K α energies at 6.4, 7.5, 8.6 and 11.92 keV, respectively. As shown in figure 1 , the multi-element standard was used as a target sample to produce secondary x-ray fluorescent radiation with given and different energy of the photons. The foils, mounted vertically in front of the detector, lead to attenuation of the beam as shown in the plot ( figure 6 ) by reducing the number of photons reaching the detector. In table 2, the experimental values of the absorption coefficient for aluminium at these energies are listed in comparison with theoretical values taken from the literature. The experimental values of the absorption coefficient agreed with theoretical values to some extent, taking into account, however, that the foils used in this experiment were not pure Al but contained impurities (mainly Fe and less Ti and Pb), while various uncertainties in the values of the surface density, due to the folding of the Al foils, could not be avoided. In addition, there is a small possibility of nonlinear increase in the intensity of the fluorescent radiation as a function of the layer thickness [8] .
The thicknesses of Al foils ranged approximately up to 72 μm, corresponding to surface densities of up to 0.0192 g cm −2 .
Compton scattering
The last experiment of the first module concerns the Compton effect. X-ray interaction by inelastic scattering with electrons in matter results in a decrease in energy (increase in wavelength) of the x-ray. Part of the energy of the x-ray is transferred to a scattering electron, which recoils and is ejected from its atom, and the rest of the energy is taken by the scattered photon. This 'degraded' energy of the x-ray photon, observed in its wavelength, is measured as a spectral shift λ, which depends on the scattering angle α:
where λ and λ are the wavelengths of the photon after and prior to inelastic scattering, respectively. The Compton wavelength λ C is a physical constant, having a value of Figure 7 . Series of XRF energy spectra, which were measured at different angles in relation to the x-ray source, after scattering on the Plexiglas plate. The wavelength was calculated from the corresponded energies, after an appropriate calibration. A blue spectral shift of the wavelength for Ag-K a (inelastic scattering) is shown, while the elastic scattering is just observable.
Figure 8.
Plot of a spectral shift of the characteristic line (Ag-K α ), of the anode material of the x-ray source, versus the cos(α). The obtained data from the spectra (see figure 7) , showed an α satisfactory approach to the theoretically expected results.
2.426 × 10 −12 m according to the literature. For the experiment, the K α line of the Ag source was used, with a wavelength of λ 0 = 56.2 × 10 −12 m. The radiation of the x-ray tube was directed to a Plexiglas disc of ∼1 cm thickness (figure 2). The scattered x-ray radiation was recorded at different angles relative to the x-ray beam of the tube ( figure 7) .
The spectral shift of the K α line is presented in figure 8 against cos(α) and a linear fit was applied. The experimental value of λ c = (2.26 ± 0.06) × 10 −12 m, which is the slope of the fitting line, as well as the corresponding intercept ((2.30 ± 0.04) × 10 −12 m) shown in figure 8 agrees sufficiently with the theoretical value. The small difference between them, within the experimental error, is mainly caused by the non-accurate determination of each value of wavelength corresponding to the K α line, due to the noise of the spectra. 
Module 2: XRF applications on cultural heritage objects
In recent years, considerable research has been focused on non-destructive techniques for the characterization of cultural heritage objects [9] . An introduction to these analytical approaches is a subject included in the curriculum of the students at the Department of Conservation at the TEI of Athens. Apart from a theoretical background in different non-destructive techniques, the students are also practically trained during their laboratory courses. The present XRF setup has already been used in laboratory courses for metal conservation and in the framework of student projects. The suggested module 2 combines measurements of different materials on a more systematic basis, imparting at the same time the theoretical background of instrumental analysis.
In situ measurements of metal objects
The first example presented shows the analysis of a large outdoor bronze monument in Victoria Square in Athens, Greece (figure 9). The portable XRF was applied on site [10] . The spectrum presented shows a brass composition with Cu and Zn being the main components and Cr, Fe and Pb being minor components. The Cl and Ca content identified may be related to the presence of corrosion products, such as copper chlorides, or environmental contamination, such as bird dung. The second example shows the analysis of a fragment of metal pipe belonging to an assemblage of metal finds recovered from the 'Patris' shipwreck. The conservation treatment of this assemblage was the object of a recent laboratory course at the Department of Conservation. The steamboat 'Patris' sank in 1868 close to the Greek island Kea where it was discovered in 2007. A large assemblage of metal objects was brought to the surface having been at the bottom of the sea for almost 140 years. The saltwater environment with its high ionic conductivity requires special and in most cases immediate treatment of the objects in terms of passivating specific corrosion processes. Therefore, in this case study, even qualitative examination of alloys and corrosion products provides valuable information in relation to the conservation of the metal finds (figure 10). In this regard, the identification of contact areas between different metals or alloys was of particular interest.
Quantitative analysis of modern coins
In order to demonstrate the quantitative analysis of XRF spectra and the accuracy of the measurements, a set of Euro coins was examined, the reference composition of which can be found on the Web (http://www.copperinfo.co.uk/coins/) [11] . For calibration of the XRS-FP software, a combination of two standard reference materials was used, the BAM-367, providing calibration factors for Cu, Ni, Fe and Mn concentrations, and the BCR-A, providing additional calibration factors for Zn, Sn and Pb concentrations. Even though the live time of 100 s for the measurements was comparitively small, the results are in sufficient accordance with the reference concentrations (table 3) . However, due to the setup used-performing the measurements in air-it was not possible to determine aluminium. Therefore, the Al concentration was set fixed at 5 wt% for the 10-and 50-cent coins consisting of Nordic gold. Furthermore, the tin concentrations in the analysed coins were in the range of the lower limit of detection. Even though Sn was detected at least in the 50-cent coin, the relative measurement error was close to 100%. In order to improve the signal-to-noise ratio, either the lifetime of the measurements has to be increased or the parameters of the x-ray tube have to be adjusted, such as the current or the voltage. 
Identification of pigments in wall paintings
A third set of samples comprised fragments of Byzantine wall paintings. The samples had already been examined beforehand using scanning electron microscopy in combination with energy dispersive spectroscopy (SEM-EDS) [12] . The XRF examination was tested on these samples in order to examine the feasibility of in situ measurements for future studies. Therefore, a live time of 300 s was selected. Because the measurements were performed in air, it was not possible to determine light elements (Z < 20) due to the absorption of their low x-ray fluorescence energies. Possible ways to suppress this absorption would be either to enrich the air with helium or to reduce the atmospheric air pressure with an appropriate vacuum pump. The spectra in general showed the presence of calcium, related to the lime plaster. Furthermore, most of the red pigments could be identified as red ochre due to their iron content. In two cases, however, different red pigments could be identified (figure 11). A dark red streak was obviously applied by using a lead pigment, probably minium, and in a bright red paint layer the red ochre was mixed with cinnabar (HgS). In order to investigate the entire palette of pigments used in wall paintings, the setup will have to be modified. For example, by the application of a helium flow in front of the x-ray source and detector, the absorption of the fluorescence radiation of light elements can be reduced.
Conclusions
A setup has been developed, assembled with components of a portable system for XRF spectroscopy, in order to be used for educational purposes. Using this setup, a series of familiar and conventional laboratory exercises, such as the verification of Moseley's law, Compton's law and the Lambert-Beer law, was realized with satisfactory success. Together with the conception of an instructive procedure for XRF calibration, these experiments constitute a useful educational package of laboratory exercises for students in natural sciences. Apart from this first module, a second module was developed for the education of students who will work in the field of cultural heritage, such as conservation and archaeological scientists. In this second module, students learn more about XRF applications and about the potential and limitations of XRF in comparison with other analytical methods both in terms of measurement conditions and of elements which can be detected and quantified, respectively. The two modules can be implemented independently or in conjunction.
